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Previews
by TfR1 expression that is modulated by intracellular FeMysteries of the Transferrin-
levels via iron-regulatory proteins (Hentze and Ku¨hn,Transferrin Receptor 1 1996). To add further complexity, the interaction of Tf
with the TfR1 is also regulated by the competitive bind-Interaction Uncovered
ing of the protein, HFE, that is mutated in the Fe-loading
disease, hemochromatosis. This molecule assembles
with 2-microglobulin (2-m) to form a complex that
How does the iron (Fe) binding protein, transferrin (Tf), binds to the TfR1 at a site involved in Tf-binding (Lebron
bind to the transferrin receptor 1 (TfR1) to donate Fe et al., 1999).
to cells? In this issue of Cell, Cheng et al., describe Despite purification of both Tf and TfR1, the precise
the molecular structure of the human TfR1-Tf complex, nature of the molecular interactions between these two
This atomic model shows that Tf binds laterally to proteins has remained elusive. Knowledge of this mech-
the TfR1 dimer and extends into the gap between the anism is important considering the role of Fe in vital
bottom of the receptor ectodomain and the mem- biological reactions and for designing chelators to treat
brane. -thalassemia and other Fe-overload diseases. A full
understanding of this process required an X-ray crystal
The transport and intracellular trafficking of iron (Fe) structure of the receptor-ligand interaction. However,
have been extensively studied due to its critical role in a up to now, this has remained elusive.
variety of essential metabolic processes including DNA Cheng and colleagues (2004, this issue of Cell) have
synthesis. The fact that Fe(III) precipitates into an insolu- now elucidated the structure of the Tf-TfR1 complex.
ble polymer has lead to the evolution of a family of high By implementing cryo-electron microscopy (cryo-EM)
affinity, Fe(III) binding proteins known as the transferrins and single particle averaging techniques, Cheng et al.,
(Tfs) that maintain Fe in a soluble form (for reviews, see (2004) have produced a density map of the complex
Morgan, 1981; Baker et al., 2003). Serum Tf is the best between TfR1 and Tf. Using the X-ray crystal structures
characterized of these molecules and is responsible for of Tf and the TfR1 ectodomain and docking these into
the transport and donation of Fe to cells via binding to the density map they have derived an atomic model of
transferrin receptors (TfRs) on the cell surface (for re- the interaction. Although the resolution of 7.5 A˚ is not
view, see Richardson and Ponka, 1997). Transferrin pos- sufficient to resolve side chains, it clearly demonstrates
sesses two high affinity Fe(III) binding sites that are the secondary structure of the complex and enables
present in each of the lobes at the N- and C-terminals suggestions of which residues are involved in the inter-
of the molecule (Baker et al., 2003). Diferric Tf (denoted action of Tf with the TfR1. Moreover, the structures pro-
as Tf below) has a high affinity for the TfR1, while Fe-free vided in this study are supported by site-directed muta-
Tf (apoTf) does not, and this has important physiological genesis studies that verify some of the predictions from
implications in terms of the mechanism of Tf uptake cryo-EM imaging. The atomic model also provides op-
by cells. portunities to design further mutagenesis experiments
Two types of TfRs are known, TfR1 and TfR2. The to test new questions posed by the findings.
latter molecule has only recently been identified and The proposed structure is impressive for a number of
its function remains unclear (Kawabata et al., 1999). In reasons. First, the observation of secondary structure
contrast, the role of TfR1 in binding Tf and delivering using cryo-EM and the single particle averaging tech-
Fe to cells is well known (Morgan, 1981). TfR1 exists nique on a rather small molecule of 290 kDa is a break-
as an integral membrane homodimer that binds one Tf through that resets the limits of the technique. Second,
molecule per monomer. Binding of Tf to the TfR1 leads the paper provides a new model of TfR1 function that
to receptor-mediated endocytosis and the endosome is results in a more plausible mechanism of Fe release.
the site where Fe is released from Tf. A conformational Importantly, the atomic model accounts for many of
change in Tf is thought to occur upon binding to the the properties of the Tf-TfR1 interaction and reveals a
TfR1 that promotes Fe release (Richardson and Ponka, surprising mode of Tf binding. Considering this, the
1997; Baker et al., 2003). Furthermore, acidification of C-lobe interacts with the helical domain on the side of
the endosome by membrane bound proton pumps and the TfR1 as suggested previously (Liu et al., 2003), while
the reduction of Fe(III) to Fe(II) are also involved in re- the N-terminal lobe is nestled under the TfR1 ectodo-
lease and transport of this metal ion into the cell (Mor- main between the protein and the plasma membrane
gan, 1981; Richardson and Ponka, 1997). Once released (Figures 1A and 1B). This is a rather unusual arrangement
from Tf, Fe then passes through the endosomal mem- that was totally unexpected based on previous studies.
brane via the divalent metal transporter 1 (DMT1; Flem- Interestingly, Cheng et al., (2004) suggest that upon Fe
ing et al., 1997). This latter molecule is believed to trans- release the C-terminal opens and may provide conve-
port Fe reduced to the Fe(II) state by an uncharacterized nient access to other proteins such as the ferrireductase
membrane bound ferrireductase enzyme. The postu- and/or DMT1 (Figure 1C). Such a direct transfer would
lated ferrireductase is thought to use intracellular reduc- prevent the hydrolysis and precipitation of Fe. This
ing equivalents such as NADH and then transport elec- model is implicated to account for the preferential re-
trons across the membrane to reduce Fe(III) (Richardson lease of Fe from the C-terminal Fe binding site of Tf
after its interaction with the TfR1. The opening of theand Ponka, 1997). The uptake of Fe from Tf is controlled
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Figure 1. Schematic Illustration
(A and B) Diferric transferrin (Tf) with Fe in its N- and C-terminal lobes binding to the homodimeric transferrin receptor 1 (TfR1) bound to the
plasma membrane by its stalk. The diagram illustrates the lateral interaction of the C-terminal lobe of Tf with the TfR1 and the fact that the
N-terminal extends into the gap between the bottom of the receptor ectodomain and the membrane. Upon binding to the TfR1 there is a
change in Tf conformation that aids Fe release.
(C) Upon release of Fe, the C- and N-terminals open and may provide access to other proteins such as the ferrireductase and/or the divalent
metal ion transporter 1 (DMT1). These molecules may potentially interact with the TfR1 at its apical surface.
(D) After removal of Fe and the formation of apoTf, there is probably a further alteration in Tf conformation leading to decreased affinity for
the TfR1 and its release.
(E) Interaction of the HFE-2-microglobulin (HFE-2-m) complex with the TfR1 competes with Tf for the same binding site on the receptor.
N-lobe on the other hand faces the membrane and Fe Fe trafficking and the Fe-overload observed in hemo-
chromatosis patients.would have to diffuse out from under the Tf-TfR1 com-
plex (Figure 1C). Despite considerable advances provided by Tf-TfR1
model proposed by Cheng et al., (2004), many questionsIntriguingly, the model demonstrates a conforma-
tional change in Tf induced by binding to the TfR1 (Figure still exist concerning how Fe is released from Tf and
subsequently transported across the membrane. How-1B). In fact, upon binding to the receptor, the N-lobe of
Tf moves approximately 9 A˚ with respect to the C-lobe. ever, the structure of the Tf-TfR1 complex provides
some intriguing clues. For instance, while Fe(III) is boundCheng and colleagues (2004) propose that the resultant
straightening of Tf imparts strain on the C-lobe via the to Tf and is subsequently released and transported by
DMT1 in the Fe(II) state, it is not known whether theC-terminal -helix leading to Fe release but this also
hinders Fe mobilization from the N-lobe. These authors Fe(III) in Tf is reduced to Fe(II) before or after being
released. As discussed above, one of the surprisingsuggest that the N-lobe is involved in strengthening the
interaction of Tf with the TfR1 and participates in modu- aspects of the structure of the Tf-TfR1 complex is that
the apical part of the receptor remains free and poten-lating Fe release from the C-lobe. Results from these
studies are in good agreement with previous observa- tially accessible to interaction with other molecules. In-
deed, as noted by Cheng and colleagues (2004), perhapstions directly examining Fe release from Tf (Zak and
Aisen, 2003). The release of both Fe atoms from Tf prob- DMT1 and/or the postulated ferrireductase could asso-
ciate with the TfR1 at this site (Figure 1C). It is wellably involves another structural alteration resulting in
decreased affinity for the TfR1 and the release of apoTf known that the process of Fe donation from Tf to cells
is highly efficient, particularly in the erythroid lineage,(Figure 1D). Indeed, a recent mutational study indicated
that Tf and apoTf bind to slightly different positions on where Fe can be detected within the Fe-storage protein
ferritin within 30 seconds of incubation with Tf (Vyoralthe TfR1 (Gianetti et al., 2003).
Another interesting feature of the Tf-TfR1 structure is and Petrak, 1998). This observation implies close cou-
pling between the Tf-TfR1 complex, DMT1 and the ferri-that is shows how HFE competes with Tf for binding to
the TfR1 (Figure 1E). The TfR1 dimer can accommodate reductase, and it is interesting to note that such a high
molecular weight complex has been observed in K562one HFE and one Tf molecule on either side, but these
proteins cannot both bind on the same side of the TfR1. cells (Vyoral and Petrak, 1998).
Other questions that remain unclear concerning theThese data nicely confirm previous studies showing that
the HFE-2-m assembly competes with Tf for binding Tf-TfR1 interaction include the importance of the stalk
that connects the TfR1 ectodomain to the membraneto the TfR1 (Lebron et al., 1999). This finding has obvious
implications in trying to understand the role of HFE in (Figure1A). In the current structure, the construct used
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to express the TfR1 did not contain the stalk, which had are critical structural elements in these catastrophic
kinesins.not been implicated in Tf binding prior to this study.
Considering the close association of the N-terminal lobe
Microtubules (MTs) are critical for many cellular pro-with the stalk (Figures 1B and 1C) and its potential to
cesses such as cell division, cell movement, and vesicu-affect Tf binding, future investigations may aim to exam-
lar trafficking. They are cytoskeletal polymers made upine its role in the Tf-TfR1 interaction. Finally, since the
of /-tubulin heterodimers that assemble head to tailauthors propose the importance of the N-lobe in modu-
into protofilaments. Thirteen protofilaments associatelating the binding of Tf to the TfR1, could the Fe-free
laterally to form the hollowed structure of the MT. Essen-conformation of this lobe be responsible for the lower
tial for their cellular function, MTs have a unique propertyaffinity of apoTf for the receptor? Additional studies
called dynamic instability that allows them to coexist inexamining the crystal structure of apoTf-TfR1 complex
states of growth and shrinkage and to randomly in-will provide this answer.
terconvert between these two states (Mitchison and
Kirschner, 1984). Unlike other kinesins, which use MTs
D.R. Richardson
as tracks, Kin I kinesins regulate dynamic instability by
Children’s Cancer Institute Australia for
inducing catastrophes (Desai et al., 1999). A catastrophe
Medical Research occurs when a MT changes from growth to shrinkage
The Iron Metabolism and Chelation Program by undergoing a conformational change at its ends. This
PO Box 81 conformational change consists of individual protofila-
High Street ments transitioning from a straight to a curved con-
Randwick formation, resulting in tubulin dissociation and MT de-
Sydney polymerization. This curvature is due to the tubulin
New South Wales 2031 heterodimer taking on a relaxed or curved conformation.
Australia Recently, multiple studies of vertebrate MCAK and Plas-
modium pKinI have attempted to unravel the molecularSelected Reading
mechanism of Kin I-induced MT depolymerization
(Hunter et al., 2003; Moores et al., 2002, 2003; Nieder-Baker, E.N., Anderson, B.F., and Naker, E.N. (2003). Proc. Natl. Acad.
Sci. USA 100, 3579–3583. stasser et al., 2002; Ovechkina et al., 2002); however,
this has been difficult due to the lack of 3D structuralCheng, Y., Zak, O., Aisen, P., Harrison, S.C., and Walz, T. (2004).
Cell 116, this issue, 565–576. data. In this issue of Cell, Ogawa et al. present the long-
Fleming, M.D., Trenor, C.C., Su, M.A., Foernzler, D., Beier, D.R., awaited crystal structure of a Kin I, mouse KIF2C (Ogawa
Dietrich, W.F., and Andrews, N.C. (1997). Nat. Genet. 16, 383–386. et al., 2004). Solving the KIF2C structure allowed them
Giannetti, A.M., Snow, P.M., Zak, O., and Bjorkman, P.J. (2003). to identify several features that are distinct from motile
PLoS Biol. E51. kinesins. In addition, the authors have further advanced
Hentze, M.W., and Ku¨hn, L.C. (1996). Proc. Natl. Acad. Sci. USA our understanding of the mechanism of Kin I MT depo-
93, 8175–8182. lymerization by docking the 3D structure of KIF2C to
Kawabata, H., Yang, R., Hirama, T., Vuong, P.T., Kawano, S., Gom- tubulin dimers in silico. This led to the identification of
bart, A.F., and Koeffler, H.P. (1999). J. Biol. Chem. 274, 20826–20832. four important structural features that likely make crucial
Lebron, J.A., West, A.P.J., and Bjorkman, P.J. (1999). J. Mol. Biol. contacts with MTs. According to conventional kinesin
294, 239–245. nomenclature, these include: 4 ( helix 4), L2 (loop 2),
Liu, R., Guan, J.-Q., Zak, O., Aisen, P., and Chance, M.R. (2003). L8 (loop 8), and the positively charged neck.
Biochemistry 42, 12447–12454. Strikingly, the authors find that KIF2C docked best to
Morgan, E.H. (1981). Mol. Aspects Med. 4, 1–12. the 3D structure of a curved and not a straight protofila-
Richardson, D.R., and Ponka, P. (1997). Biochim. Biophys. Acta ment (see Figure 5 in Ogawa et al. [2004]). This in silico
1331, 1–40. docking places the KIF2C catalytic core central to the
Vyoral, D., and Petrak, J. (1998). Biochim. Biophys. Acta 1403, tubulin dimer at the intradimer groove with 4, a critical
179–188. kinesin MT binding surface, nicely nestled into the inter-
Zak, O., and Aisen, P. (2003). Biochemistry 42, 12330–12334. face. This places the bulk of KIF2C over - and -tubulin
parallel to the MT axis with 4 laying perpendicular. This
arrangement is consistent with the recent cryo-electron
microscopy structures of pKinI on tubulin rings and
structural predictions for Xenopus MCAK binding to MTs
(Hertzer et al., 2003; Moores et al., 2002, 2003; Nieder-Catastrophic Kinesins: Piecing
stasser et al., 2002). This helix, although conserved
Together Their Mechanism among kinesins, contains four completely conserved
Kin I-specific amino acids and is longer than otherby 3D Reconstruction
kinesin 4 helices. Based on the modeling by the au-
thors, these residues are predicted to stabilize a curved
tubulin dimer by bridging the acidic C-terminal residues
Kin Is, kinesins with an internal catalytic domain, de- of -tubulin (E hook) to the C terminus of -tubulin (H11-
polymerize microtubules from both ends, and the KIF2C H12 linker). This is consistent with previous results that
crystal structure presented by Ogawa et al. (2004, [this the C-terminal residues of tubulin are essential for MCAK
issue of Cell]) provides provocative evidence to sup- and pKinI depolymerization activity (Moores et al., 2002;
Niederstasser et al., 2002).port the theory that the highly conserved sequences
